Platinum is the most widely used catalyst in fuel cell electrodes. Designing improved catalysts with low or no platinum content is one of the grand challenges in fuel cell research. Here, we investigate electronic structures of Pt 4 and Pt 3 Co clusters and report a comparative study of adsorption of H 2 , O 2 , and CO molecules on the two clusters using density functional theory. The adsorption studies show that H 2 undergoes dissociative chemisorption on the tetrahedral clusters in head on and side on approaches at Pt centers. O 2 dissociation occurs primarily in three and four center coordinations and CO prefers to adsorb on Pt or Co atop atoms. The adsorption energy of O 2 is found to be higher for the Co doped cluster. For CO, the Pt atop orientation is preferred for both Pt 4 and Pt 3 Co tetrahedral clusters. Adsorption of CO molecule on tetrahedral Pt 3 Co in side on approach leads to isomerization to planar rhombus geometry. An analysis of Hirshfeld charge distribution shows that the clusters become more polarized after adsorption of the molecules.
I. INTRODUCTION
Platinum and platinum based alloy nanoparticles have received increasing attention due to their superior catalytic activities for a number of reactions. There have been several investigations carried out to improve the electrocatalytic activity of Pt and Pt-based alloys for hydrogen oxidation reaction and oxygen reduction reaction ͑ORR͒ in fuel cell electrodes. 1, 2 In particular, bimetallic Pt-Co alloy systems have often been employed. The oxygen reduction reaction catalyzed by Pt and Pt alloys is extensively investigated because of its importance in polymer electrolyte membrane ͑PEM͒ fuel cells. 3 PEM fuel cells, currently the most widely studied low-temperature fuel cells, use a polymer membrane as an electrolyte facilitating proton transport from the anode, where a fuel such as H 2 is oxidized, to the cathode, where O 2 is reduced. 4, 5 The reduction reaction is limited by the slow kinetics even with pure Pt as catalyst. Designing improved cost effective catalysts with low or no Pt content is paramount to making fuel cells commercially viable. Therefore, studies related to the analysis of ORR catalyzed by Pt and Pt-based alloy systems continue to be a topic of active investigation. [6] [7] [8] [9] [10] [11] The activity of a catalyst to a specific reaction is largely governed by the local electronic environment of the catalyst. Pure transition metal nanoparticles or clusters generate significant charge localization compared to their bulk crystal surfaces. 12 The active components of dispersed metal catalysts are small clusters and, therefore, the cluster properties rather than bulk properties are responsible for the observed characteristics. 13 In general, doping modifies the local electronic properties of pure transition metal clusters. Indeed, Pt alloys of various compositions have been found to catalyze ORR at least as effective as pure Pt. The abundance and relatively low cost of nonprecious metals such as Co make Pt-Co alloy catalysts potentially cost effective alternatives to pure Pt catalysts. [14] [15] [16] Electronic and structural properties of pure and doped transition metal clusters and their relationship with the observed macroscopic phenomena have become one of the most active areas of investigation in cluster science. Theoretical studies of transition metal clusters can provide detailed information on the electronic structure as well as on the adsorption and reaction properties. Small clusters effectively connect properties at the atomic scale to the macroscopic behavior of bulk crystals and provide an excellent platform from which one can study heterogeneous catalytic process on various substrates. The cluster model has been widely used for the study of chemisorption and reactions on transition metal surfaces because of the local character of the interaction between the adsorbate and the adsorbant. Hence, a detailed investigation of electronic structures of small clusters is important to elucidate the mechanisms of adsorption and reaction. The effect of cluster size and shape on reactivity is a key issue in nanostructured catalyst design. Detailed understanding on the interactions of H 2 , O 2 , and CO on Pt and Pt-based alloy clusters is indispensable for controlling chemical reactions of PEM fuel cells since these adsorbates take part in the oxidation or reduction process of PEM fuel cells. Since pure Pt metal is known to suffer from CO poisoning in PEM fuel cells, 17 it is advantageous to study the effect of doping for the prospect of observing promotion or poisoning effects.
Interactions of transition metal clusters with small molecules have recently been reviewed by Knickelbein. 13 Physical properties of transition metal clusters have also been reviewed. 18 Electronic structures of small Pt clusters have been the topic of a number of recent investigations. Dai and Balasubramanian 19 reported electronic structures of Pt 4 clusters using complete active space multiconfiguration selfconsistent field ͑SCF͒ followed by multireference configuration interaction calculations employing relativistic effective core potentials for Pt atoms. Nakatsuji et al. 20 performed ab initio theoretical study of the interaction between H 2 molecule and small Pt clusters. Xiao carried out a systematic structural evolution of subnano-Pt clusters up to n = 15 using density functional theory ͑DFT͒. Recently, Chen et al. 25 have performed DFT studies of sequential H 2 dissociative chemisorption on a Pt 6 cluster and Zhou et al. 26 on selected Pt n ͑n = 2 -5, 7-9͒ clusters. DFT calculations of methane activation reaction on a Pt atom and a Pt 4 cluster have also been recently reported by Xiao and Wang. 27 Several first principles ab initio calculations of the electronic structures of Pt-Co alloy systems have been reported. [28] [29] [30] [31] Kootte et al. 31 performed spin-polarized band structure calculations of Co x Pt 1−x alloys with x = 0, 0.25, 0.5, 0.75, and 1, and reported density of states and magnetic moments of the clusters. Lee et al. 32 investigated the electronic structure of bulk Pt-Co alloys using x-ray spectroscopy and DFT calculations. Using a combination of spectroscopic techniques including low energy electron diffraction and Auger electron spectroscopy, Lee et al. 33 studied the changes in surface stoichiometry of an ordered Pt 3 Co͑100͒ surface due to NO adsorption and observed significant surface reconstruction. Lu et al. 34 performed local spin density calculations of Pt 3 X and Pd 3 X ͑X = 3d metals͒ compounds and found that spin polarization leads to ordering in Pt 3 Co and Pd 3 Cr. Roques et al. 35 carried out combined experimental and theoretical studies of the activity of Pt 3 Co alloy surface toward O 2 reduction relative to the Pt catalyst. They found that the efficiency of ORR depends significantly on the surface composition and structure, and alloying Pt with transition metals, such as Co and Cr, leads to an enhancement of the reaction. Using DFT calculations, Shimodaira et al. 36 found that Pt 3 Co alloy has slightly higher activity than Pt black in acidic medium toward the ORR and a reduced activity in alkaline medium. Carbon supported Pt-Co catalyst nanoparticles have been the topic of a number of recent experimental investigations [46] [47] [48] and were found to possess improved catalytic properties in PEM fuel cells compared to pure Pt on carbon. However, the bonding, local electronic structures of Pt and Co atoms, and Pt-skin effect in these alloy system are still not fully understood.
While the interaction of H 2 , O 2 , and CO with pure Pt 4 clusters has been reported in the literature, such studies involving Pt-Co alloy systems are lacking. To gain physical insights into the catalytic properties of these systems, we have performed a systematic study of the electronic structures, bonding, and growth patterns of Pt 4 and Pt 3 Co clusters using first principles DFT calculations. Although the size of the clusters considered in our study is rather small, we believe that the present calculations would provide mechanistic insights into the nature of bonding and reactivity of pure Pt and Co doped Pt toward the adsorption of H 2 , O 2 , and CO. Furthermore, catalytic reactions often occur at the sharp corners, edges, and defect sites of catalyst clusters or surfaces and these active sites are well characterized by small subnanoclusters. The main objective of this paper is to provide a comparative study of the electronic, geometric, and thermodynamic properties of H 2 , O 2 , and CO adsorption on Pt 4 and Pt 3 Co clusters. The paper is organized as follows. The details of the computational methodology are given in Sec. II, followed by a presentation and discussion of the results in Sec. III. A summary of our findings and conclusions is given in Sec. IV.
II. COMPUTATIONAL DETAILS
Calculations reported here have all been performed using DFT within the generalized gradient approximation with the Perdew-Wang exchange-correlation functional 49 ͑PW91͒ as implemented in the DMOL 3 package. 50 This method can perform accurate and efficient self-consistent calculations using a rapidly convergent three-dimensional numerical integration scheme. Double numerical basis sets augmented with polarization functions were utilized to describe the valence electrons and effective core potential was used for core electrons, which accounts for the relativistic effect important for Pt atom. A spin-polarized scheme was employed to deal with the electronically open-shell nature of Pt and Co atoms. The electronic charge on the cluster atoms was obtained by population analysis of Hirshfeld charge distribution.
All structures were fully optimized without imposing symmetry constraints. To obtain energetically the most stable structures, the conjugate gradient algorithm, with a SCF energy convergence tolerance of 10 −6 hartree, was employed. For accurate calculations, we have chosen an octupole scheme for the multipolar expansion of the charge density and Coulomb potential. In the generation of the numerical basis sets, a global orbital cutoff of 4.5 Å was used. The maximum force and the maximum displacement were less than 0.002 hartree/ Å and 0.005 Å, respectively. A thermal smearing of 0.004 hartree was applied to the orbital occupation for convergence.
The average binding energy of the Pt m Co n cluster ͑m = 3 , 4; n = 0 , 1͒ is calculated using the expression
where E Pt m Co n and E Pt and E Co are the total energy of the bimetallic cluster, and the energies of an isolated Pt and Co atoms, respectively. E b can be used to establish the relative stability of clusters with different structures. The adsorption energy is defined to measure the strength of H 2 , O 2 , and CO bonding to the Pt m Co n cluster ͑m = 3 , 4; n = 0 , 1͒, and it is calculated as
where E Pt m Co n -X is the total energy of the complex and E X is the energy of H 2 , O 2 , or CO molecule.
III. RESULTS AND DISCUSSION

A. Pt 4 and Pt 3 Co clusters
For Pt 4 clusters, tetrahedral and planar rhombus geometric structures were optimized. A number of DFT calculations have shown that planar and tetrahedral Pt 4 clusters have comparable stability. The energy difference between the two structures is too small which can be considered as degenerate. Calculations by Xiao and Wang 21 using the VASP program predicted the average binding energy per Pt atom in the tetrahedral structure to be 2.68 eV compared to 2.62 eV for the planar rhombus case. However, using the same code, Huda et al. 51 showed that the average binding energy per Pt atom is nearly the same ͑ϳ2.69 eV͒ for both geometries. Our recent calculations 52 using the VASP code predicted nearly degenerate energies ͑ϳ2.72 eV͒ for both geometries. Calculations by Nie et al. 24 using the DMOL 3 code predicted that the tetrahedral geometry is slightly more stable than the planar one. They obtained an average binding energy per Pt atom for the tetrahedral geometry to be 2.55 eV. The present results computed using the DMOL 3 code are in agreement with the results of Nie et al. We obtain an average binding energy of 2.52 eV for the tetrahedral structure compared to 2.47 eV for the planar rhombus isomer. The geometry optimized structures and the corresponding bond lengths are shown in Figs. 1͑a͒ and 1͑b͒. The Pt-Pt bond length in tetrahedral Pt 4 is found to be 2.68 Å compared to 2.59 Å for the terminal Pt-Pt bond and 2.67 Å for the central Pt-Pt bond in the rhombus structure. The energy gap E g between the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ is 0.59 eV for the tetrahedron compared to 0.33 eV for the rhombus isomer.
The tetrahedral geometry of Pt 3 Co cluster was obtained by replacing one Pt atom of the optimized tetrahedral Pt 4 cluster with a Co atom. Similarly, the planar geometry was obtained by replacing a central Pt atom of planar Pt 4 Table I .
From now on, we will concentrate on tetrahedral clusters since in realistic catalytic systems the catalyst particles are essentially three dimentional. Figure 2 shows the top and side views of electrostatic potential superimposed on electron density of optimized Pt 4 and Pt 3 Co clusters. In Pt 4 cluster ͑I͒, electron density is found to be high between any Pt-Pt bonds ͑shown in red͒ and low on the Pt atom ͑shown in blue͒. In Pt 3 Co cluster ͑II͒, Co atom has depleted electron density ͑blue͒ while the three Pt atoms have enhanced electron density. The electrostatic potential of Pt 4 ͑I͒ indicates that electrons are fully delocalized while in Pt 3 Co ͑II͒ electrostatic potential shows that electrons are more polarized toward the Pt atom. Thus, Co atom contributes electron density around the Pt atoms in Pt 3 Co cluster due to its lower ionization potential ͑7.88 eV͒ compared to Pt ͑9.0 eV͒. 53 Also, with the electronic configuration of Pt and Co being 6s 2 5d 9 and 4s 2 3d 7 , respectively, a charge transfer from Co to Pt leads to stability for the Pt 3 Co cluster, as shown in the 4 cluster, initially, it sees a symmetric electron density around the cluster. However, in the case of Pt 3 Co, the diatom encounters an asymmetric electron density with electron rich Pt centers and an electron deficient Co center. At close proximity, the molecule can reorient in different configurations and interact with the atoms, edges, or the face of the cluster. The diatomic molecules considered in the present study, H 2 , O 2 , and CO, could approach Pt atoms of Pt 4 at three different sites, namely, ͑i͒ Pt atop, ͑ii͒ Pt-Pt bridge, and ͑iii͒ Pt-Pt-Pt face as shown in Fig. 3͑a͒ . For Pt 3 Co, we have considered five different adsorption sites, namely, ͑i͒ Co atop, ͑ii͒ Pt atop, ͑iii͒ Pt-Co bridge, ͑iv͒ Pt-Pt bridge, and ͑v͒ Pt-Co-Pt face, as shown in Fig. 3͑b͒ . Initially, the adsorbing molecules could approach head on and side on orientations resulting in six different adsorption configurations for Pt 4 and ten configurations for Pt 3 Co clusters.
Before we discuss details of the adsorption of individual molecules we examine salient features of the frontier orbitals of the clusters and adsorbate molecules, that are involved in bond formation. An analysis of the molecular orbitals involved in bond formation can provide important insights into the stability and reactivity of different clusters with similar Figs. 5͑b͒ and 5͑c͒ , respectively. It is seen that for the Pt 3 Co cluster, the width of the DOS is broadened substantially with an energy shift of ϳ0.2 eV toward the Fermi level compared to pure Pt 4 cluster. The broadening and shifting of DOS peaks upon Co substitution is due to a partial d electron transfer from Co to Pt atoms resulting in an upshift of Co d orbitals above the Fermi levels. As discussed below, this leads to an enhanced reactivity for the Pt 3 Co cluster toward the adsorption of H 2 , O 2 , and CO compared to the bare Pt 4 cluster. In the following subsections, we discuss details of the adsorption of H 2 , O 2 , and CO at various adsorption sites of Pt 4 and Pt 3 Co.
B. Adsorption of H 2
Hydrogen molecule undergoes dissociative chemisorption at the Pt atom in both head on and side on approaches to Fig. 6͑a͒ for these cases. For Pt 3 Co, all orientations of H 2 approaching the cluster that are considered here lead to dissociative chemisorption at the Pt atom. In head on approaches to Co atop, Pt-Co bridge, and side on approach to Co atop, the H 2 molecule remains in molecular form at the Co site. The final geometries are given in Figs. 6͑b͒ ͑i͒-͑v͒. For dissociative chemisorption, d H-H = 1.95 Å and d Pt-H = 1.56 Å. Similar to that of Pt 4 , dissociative chemisorption of H 2 is found to be energetically more favorable than adsorption in molecular form. As shown in Table II , the dissociative chemisorption energy of H 2 on Pt 3 Co is about 0.25 eV higher than that of Pt 4 . Again, as in the case of Pt 4 , several initial adsorption configurations yield equivalent final structures and they are grouped together for both head on and side on approaches in Fig. 6͑b͒ . It is also interesting to note that dissociative chemisorption of H 2 at Pt-Co bridge site leads to isomerization to a rhombus structure. In Table II ter͒ as shown in Fig. 9͑a͒ ͑i͒-͑iv͒ for Pt 4 and Figs. 9͑b͒ ͑i͒ ͑ix͒ for Pt 3 Co. In both clusters, the highest adsorption energy was found for adsorption at the Pt or Co atop site ͑superoxo͒ followed by adsorption at the bridge site ͑peroxo͒ and the least for adsorption at the Pt or Co site through a single bond. 
D. Interaction with CO
For the interaction of CO with the Pt 4 cluster, two modes of adsorption have been found: ͑i͒ CO bonded to Pt atop and ͑ii͒ CO adsorbed at a Pt-Pt bridge site. The adsorption energy was found to be higher for CO attached to Pt atop rather than the bridge site. Upon adsorption the CO bond elongates to 1.16-1.19 Å from the equilibrium value of 1.14 Å resulting in a Pt-C bond length of 1.84 Å for the Pt atop case. The final structures along with bond lengths are shown in Fig.  12͑a͒ ͑i͒-͑iii͒.
As in Pt 4 cluster, adsorption of CO on tetrahedral Pt 3 Co results in two modes of coordination for head on approaches. However, in side on approaches to all coordination sites except the Co atop site, the tetrahedral Pt 3 Co isomerizes to a rhombus structure. The corresponding adsorption energies 124704
are found to be the highest of all the approaches studied. The resulting structures and energetics are shown in Figs. 12͑b͒ ͑i͒-͑vi͒ and Table IV , respectively. The adsorption energy of CO is found to be the highest of all the three adsorbing species considered and, in particular, interaction of CO with the Pt 3 Co cluster is found to be even stronger than Pt 4 cluster. Experimental measurements of CO adsorption energy 57-59 on various Pt surfaces yield values in the range of 1.2-2.1 eV compared to 2.40-2.70 eV in the present study. The relatively high adsorption energy values obtained in the present study indicate the high reactivity of small clusters due to exposed edges and corners compared to a regular surface.
In CO adsorption to Pt 4 / Pt 3 Co, Pt-CO bond strength depends first on the donation from the bonding orbitals of CO ͑5͒ to the LUMO of the Pt atom ͓d * ͑z 2 ͔͒ which leads to an overall increase in the electronic charge on Pt. Subsequent back donation from the filled 5d orbitals of Pt ͓d ͑xz , yz͔͒ to the empty antibonding 2 * orbital of CO reinforces the resulting sigma bond. This synergic bonding 60, 61 is observed in the frontier orbitals of Pt 4 -CO and Pt 3 Co-CO, as shown in Figs. 13͑a͒ and 13͑b͒ , respectively. Upon CO adsorption on Pt 4 , the electron density is depleted between Pt atoms leading to an overall increase in Pt-Pt bond lengths. Electron density between Pt-Pt and Pt-Co bonds in Pt 3 Co is also lowered leading to increase in Pt-Pt and Pt-Co bond lengths in Pt 3 Co. However, this increase is less than in the case of Pt 4 . In CO adsorption, for instance, the bond length between Pt-C ͑1.84 Å͒ in Pt 4 -CO is longer than Pt-C ͑1.78 Å͒ in Pt 3 Co-CO confirming the presence of larger electron density at Pt sites in Pt 3 Co. We have also performed similar adsorption studies on rhombus Pt 4 and Pt 3 Co clusters since the binding energies of tetrahedral and rhombus isomers were found to be comparable ͑Table I͒. As in tetrahedral structure, H 2 preferentially undergoes dissociative chemisorption. Interestingly, O 2 adsorption on Pt 4 leads to an isomerization to tetrahedral geometry. The overall nature of CO adsorption is also similar to that of the tetrahedral clusters with the resulting geometries remaining largely in rhombus structure for both Pt 4 and Pt 3 Co. In all the three gaseous molecules studied, the nature of adsorption is predominantly chemisorption.
E. Population analysis: Hirshfeld charge distribution
The total atomic charges from Hirshfeld population analysis for diatomic molecules and Pt 4 and Pt 3 Co clusters before and after adsorption are given in Table V . The data correspond to orientations with the highest adsorption energies. The asterisk ͑*͒ indicates the coordinated atoms. In Pt 4 , initially the charge is zero on each Pt atom. H 2 adsorption involves a charge transfer from Pt to H. In the case of O 2 adsorption on Pt 4 , charge transfer occurs from Pt to the oxygen atom leading to a net positive charge on the Pt atom. In CO adsorption, electronic charge flows from Pt to the C atom leading to a net positive charge on the Pt atoms. The observed charge distribution for O 2 and CO adsorptions can be explained by an initial covalent bonding between the molecule and the metal, and subsequent metal-to-molecule back bonding with the antibonding orbital of the molecule ͑LUMO͒.
In Pt 3 Co cluster, due to charge transfer from Co to Pt, all the three Pt atoms have negative charges and the Co atom is positively charged. Upon H 2 adsorption on Pt atom in Pt 3 Co, electronic charge around Pt is depleted due to charge transfer to H atoms. This induces further flow of electronic charge from Co to Pt with the net effect being that the Co atom becomes more positively charged in the chemisorbed cluster compared to the bare cluster. For O 2 adsorption, the Pt and Co atoms that are directly bonded to the O atoms become positive, while the other two Pt atoms remain largely unaffected. The lengthening of the O 2 bond due to adsorption could be due to the initial charge transfer from bonding orbital of Pt/ Co to O 2 ͑dative covalent bond͒ and subsequent back donation from the bonding orbital of O 2 to metal orbitals resulting in weak O-O bond. In all the three diatomic molecular adsorption, Co becomes more positive from its initial values. In general, the clusters become more polarized after adsorption of the molecules.
IV. SUMMARY AND CONCLUSIONS
Pt and Pt-based alloy nanoparticles have received increasing attention in recent years due to their electrocatalytic It was found that chemisorption on the Co doped cluster is energetically more favorable for all three diatomic molecules studied. This is explained in terms of charge transfer from Co to Pt leading to an increased d-orbital density of states for the doped cluster near the Fermi level compared to the pure Pt 4 cluster.
An analysis of the frontier orbitals shows that in both O 2 and CO adsorptions, effective back bonding from the metal to adsorbed molecules occurs and that the overlap is more favorable in Pt 3 Co. The adsorption studies show that while H 2 undergoes dissociative chemisorption on the tetrahedral clusters in both head on and side on approaches to Pt centers, O 2 dissociation occurs in three and four center coordinations and CO prefers to adsorb on Pt or Co atop atoms. Interestingly, tetrahedral structure becomes distorted as a result of H 2 and O 2 adsorption and tetrahedral Pt 3 Co transforms to a planar rhombus structure after CO adsorption. Also, H 2 and O 2 adsorption at Co atop and Pt-Co bridge site lead to equivalent final geometries. Further analysis of Hirshfeld charges shows that the clusters become more polarized after adsorption of the molecules. The spin and orbital resolved DOS indicate that for the Pt 3 Co cluster effective overlap between Pt and the adsorbates leads to higher chemisorption TABLE V. Hirshfeld charge distribution for individual molecules and clusters before and after adsorption. The data given correspond to adsorption configurations with the highest adsorption energy. The asterisk ͑*͒ indicates the coordinated atoms. energy. We are currently exploring how the catalytic activity may be modified upon deposition of the clusters on different supporting materials.
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